ABSTRACT Polyps of Scyphozoa have a cup-shaped body. At one end is the mouth opening surrounded by tentacles, at the other end is an attachment disc. The body wall consists of two tissue layers, the ectoderm and the endoderm, which are separated by an extracellular matrix, the mesoglea. The polyp's gastric cavity is subdivided by septa running from the apical end to the basal body end. The septa consist of two layers of endoderm and according to biology textbooks the number of septa is four. However, in rare circumstances Aurelia produces polyps with zero, two, six, or eight septa. We found that the number was always even. Therefore we propose that two types of endoderm exist, forming alternating stripes running from the oral body end to the aboral end. The stripes have some properties of developmental compartments. Where cells of different compartments meet, they form a septum. We also propose that the ectoderm is subdivided into compartments. The borders of the ectodermal and endodermal compartments are perpendicular to each other. Tentacles of the polyp and rhopalia (sense organs) of the ephyra (young medusa), respectively, develop at the border between two ectodermal compartments. The number can be even or odd. Rhopalia formation is particularly favored where two ectodermal and two endodermal compartments meet.
Introduction
Among cnidarians a solitary polyp has a simple polar organization with a mouth/anus opening at one end and a basal disc at the other. A cnidarian medusa displays essentially the same organization. The body wall consists of two germ layers that are separated by an extracellular matrix called the mesoglea. However, although we are defining this matrix as a mesoglea, we do not mean that on its two sides cells of different germ layers exist. At certain sites two layers of ectodermal tissue (such as the marginal lobes in Scyphozoa and the velum in Hydrozoa) and two layers of endodermal tissue (septa), respectively, are each separated by a mesoglea. In Cnidaria, the number 4 is of particular importance: In Scyphozoa polyps the gastric cavity is cup-shaped and, according to textbooks, subdivided into four equal-size quadrants by four septa running from the oral pole to the aboral. A septum consists of two layers of endodermal tissue separated by a mesoglea. On the oral disc are four depressions, called peristomal pits, that mark the beginning of four muscular strands that travel through the mesoglea of the septa to reach the attachment disc. In Anthozoa the gastric cavity is also subdivided by septa. In Octocorallia the number is 8, in Hexacorallia the number usually is a multiple of 6. Polyps of Scyphozoa produce medusae by transversal fission. A young medusa, or ephyra, has 8 or 16 arms. Polyps of Hydrozoa and Cubozoa do not display septa in their gastric cavity, but generally the medusae have a tetraradial symmetry. Thus the questions are, (1) What causes the favored tetraradial symmetry in cnidarians? and (2) What causes septum formation? Rees (1966) argued that cnidarians originated from a fertile actinula differing from the modern actinula larva only in its ability to reproduce itself. With the evolution of a quadrant stomach, all the essential features for the evolution of all three classes of cnidarians would be present. Thiel (1966) and Hand (1966) argued that a scyphozoan-polyp-like individual with four septa was the forerunner of both Scyphozoa and Anthozoa. In general, functional arguments are given for the evolution of septa and muscles within septa, such as that (1) polyps with a large diameter need additional surface in the gastric cavity for digesting and absorbing food and that (2) the placement of muscles within the septa allows the polyp body to contract if needed. Having muscles in the septa is argued to be much more advantageous to the animal than are muscles in the body wall and indeed, musculature is almost absent in the body wall of Scyphozoa and Anthozoa polyps. Clearly, these structures display positive adaptive features, but we can also ask, How is the formation of these
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A, Number of septa of parent polyps; B, Number of polyps analyzed; C, Number of ephyrae produced. To answer this question, we looked for deviations from the normal number of pattern elements, including tentacles, rhopalia, marginal arms and septa and we found several. They can be grouped: Some pattern elements are produced in both odd and even numbers, whereas others are only produced in even numbers. This difference indicates two different mechanisms of pattern control. In this study we concentrate on the Scyphozoon Aurelia aurita.
NUMBER OF SEPTA IN AURELIA POLYPS AND NUMBER OF ARMS IN EPHYRAE PRODUCED BY THESE POLYPS
Results
On the number of septa and tentacles in polyps of Aurelia
In Aurelia aurita most polyps (Scyphistomae) have four septa ( Figure 1A ), but some were found to have two, six, or eight (Table  1 , Fig. 1B, Fig. 2 ). The number of septa is not simply a matter of size; polyps with two or eight septa were found among the small as well as the large animals. Polyps produced by asexual reproduction in most cases had four septa, irrespective of the number of septa the parent animal had. In the course of several weeks, some polyps with two septa developed two additional ones (Table  2) . Rarely, polyps without septa develop. These polyps are thin and long. They are almost unable to contract, probably because retractor muscles, which are usually placed within the septa, are missing (Fig. 1E) .
Polyps formed by asexual reproduction initially are small and generally have four septa, four gastric pouches and four tentacles. Then additional tentacles form, in particular midway between existing ones. In animals with four septa, the final number of tentacles is about 16. Polyps with six septa produce about 8 tentacles more than those with four septa (Table 3) . Apparently the number of pouches determines the final diameter of the ring in which tentacles form. In young polyps, the number of tentacles above a gastric pouch is highly variable. By counting a random sample of polyps of different size and age with four septa (n = 31), we found a mean per pouch of 2.0-2.81-2.84-3.03 tentacles. The sequence is determined in such a way that the pouch with the lowest number of tentacles is noted first and the number of tentacles above the pouches in clockwise direction is noted next. Due to an uncertainty of a correct classification the tentacle above or closest to a septum is omitted. The most extreme arrangements found are 1-2-3-7 and 0-1-1-3 tentacles per pouch, respectively. The larger the pouch, the more tentacles are found related to it. Thus the result shows that initially the pouches can differ greatly in size and that the largest pouch is usually placed next to the smallest pouch (χ 2 , p < 0.05). In large polyps, the gastric pouches appear of almost equal size.
In summary, gastric pouches form in even numbers. Initially they vary in size. In the course of growth, the pouches enlarge until they are almost the same size. In the end, the number of pouches largely determines the diameter of the polyp at the position of the tentacle ring.
Influence of the number of septa in polyps on the number of various pattern elements of the resulting young medusae (ephyrae)
Polyps of Aurelia aurita produce medusae, initially termed ephyrae, by transverse fission (strobilation) ( Figure 1C ). Ephyrae usually have eight arms. In the center of each arm a sense organ, the rhopalium, originates, while to the right and left a lobe develops made of two layers of ectodermal epithelium. Ephyrae display a tetraradial mouth opening with four mouth arms and four gastric filaments. When an ephyra starts to develop, the septa of the polyp regress. Eventually the peristomal pit (ectoderm) and the retractor muscle (ectoderm) (see Figure 3A ) are enveloped Table 4 .
only by the remainder of the endoderm of a septum. When an ephyra is freed, this filament breaks and the remainder forms the gastric filaments. The rhopalium of an arm usually forms just above a (disappearing) septum ( Figure 1C ), whereas the adjacent rhopalium forms midway between two septa. Thus a polyp with four septa generally produces an ephyra with eight arms.
We found that the number of septa in a polyp determines the number of arms in the ephyrae produced. Polyps with two septa generally produce ephyrae with about four to six arms, two gastric filaments and two mouth arms ( Figure 1D ). From two to eight septa per polyp, the number of arms in the produced medusae increases in each step by about three (Table 4, Figure 2 ). We studied the strobilation of two specimens with only two septa that were asymmetrically arranged. One strobila produced three ephyrae, each with six arms. Above each septum an arm formed. In the smaller of the two gaps between the septa, one arm formed; in the larger one, three arms formed. Two ephyrae had two mouth arms, one ephyra had three. The other strobila produced two ephyrae, one with six arms and two mouth arms, the other with seven arms and four mouth arms. Obviously, no one-to-one relationship obtains between the number of septa, marginal arms and mouth arms. Rarely polyps without septa strobilate ( Figure  1E ). We found the polyp's head to develop into ephyrae with three to five arms while the other anlagen developed into asymmetrically shaped ephyrae with one to three very small arms ( Figure  1F ). Because the polyp has no septa and no retractor, the ephyrae have no gastric filaments. Polyps with six septa usually produced ephyrae with six mouth arms, six gastric filaments and generally more than eight arms ( Figure 1G ). Four strobilae were studied in which two of the six septa were very close to each other. Two of these specimens produced in almost all ephyrae a rhopalium (and lateral lobes) just above each of these two septa and no rhopalia in between. However, in the last formed ephyra of one of the strobilae, which was somewhat smaller than the others, the B A
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respective arms were fused ( Figure 1H ). In the two other specimens studied, the two septa were even closer to each other. In both cases all ephyrae produced a complete arm in the position between the two septa and none produced an arm above one of the adjacent septa. It appears that rhopalium formation is favored close to a septum but is not inevitably induced there. The head of a strobilating polyp also eventually transforms into an ephyra. In this ephyra the tentacles regress and a rhopalium forms in close proximity to some of these tentacles (Friedemann 1902) . In natural samples and under certain treatments various transition stages between rhopalia and tentacles have been observed, indicating that rhopalia and tentacles are homologue organs (Thiel 1963; Berking et al. 2005) . Thus one can posit Note that only even numbers of pouches form. The technical basis of this simulation has been developed by Meinhardt (1995) . different types of tentacles, those which become replaced by rhopalia and those which regress in strobilation. In the course of polyp formation, tentacles form in a certain order (Friedemann 1902) . In a 16-tentacle polyp, 8 tentacles are each replaced by a rhopalium and the others completely disappear. In rare cases we found that two rhopalia formed without a tentacle between them or with two tentacles between them. There certainly is no pattern hidden in the polyp in such a way that every second tentacle is predetermined to develop into a rhopalium. Rather, every tentacle appears to have a chance of developing into a rhopalium but the compounds that control the distance in rhopalia formation have a larger range than those which control the distance between tentacles.
Several conclusions can be drawn: (1) The number of arms and of mouth arms can be odd or even. (2) Small and large tetraradial polyps produce medusae with usually eight arms, but large polyps produce more ephyrae (Kroiher et al. 2000) . (3) The more pouches a polyp has, the more arms are developed by the ephyrae that polyp produces. (4) Young ephyra anlagen produce tips almost midway between the oral and the aboral body end and each tip develops into a rhopalium. Rhopalium formation above a septum is particularly favored. The distance between rhopalia is almost twice as great as that between tentacles. (5) As observed by Hargitt (1905) , arms may display malformations. Rhopalia can form so close to each other that the lobes between them are reduced. And lobes rarely form without a rhopalium structure in the center ( Figure 1H ).
Discussion
The radial symmetry of polyps
If septum formation were controlled by a patterning process that somehow directly starts septum formation, septa would form in even or odd numbers. Given that in Aurelia septa form in even numbers only, we suggest that the endoderm is longitudinally subdivided into two types of tissue. In the following discussion we call these types Endo A and Endo B, respectively (Figure 3 properties with the tissues termed compartments in other organisms. Cells of a compartment form a continuous sheet. In general, following cell division in the descendants the state of the compartment is maintained. We found that polyps formed in asexual reproduction initially have gastric pouches of different diameter. A similar observation was made with respect to polyps produced in sexual reproduction (Goette 1887; Hein 1900) . The initial uniform cylinder of endoderm may be assumed to consist of Endo A cells only. Within this cylinder some Endo A cells change their state, resulting in the formation of one or more small stripes of Endo B cells along the length axis. It thus appears that under certain conditions a group of cells can switch into a different state.
The cells of different compartments may look similar but can behave differently. In other words, their behavior is governed by mutually exclusive states. We suggest the endodermal compartments form by a mechanism that causes local mutual exclusion of the two states, combined with a mutual dependence of these two states, by far-reaching signals (see Appendix), as it has been proposed to explain the engrailed/wingless interaction in Drosophila (Meinhardt 1996) . This mechanism is able to cause the formation of compartments in form of stripes. How many gastric pouches finally form in Aurelia appears not to be fixed genetically: In asexual reproduction, we found that the number of septa was not transmitted to the offspring. The initial number of cells in the circumference at the time of the onset of compartment formation may determine the number of pouches (see Appendix). However, the number of initially formed pouches later on largely determines the diameter of the adult polyp.
The Radial Symmetry of Medusae
In the course of medusa formation, septa disappear (for review, see Thiel 1966) and we did not detect a structure that is produced only in even numbers: The final number of rhopalia can be even or odd. The same holds for mouth arms and also for gonads in the adult medusa of Aurelia (repeatedly reported). Thus, it is unclear whether the subdivision of the endoderm into compartments persists.
However, the disappearing septa influence the patterning of an ephyra: In Aurelia, rhopalia form "above" a septum and also in the gap between two septa. The number formed-between zero and three-depends on the size of the gap. When the septa were very close to each other, a rhopalium formed, not above the right or the left septum but rather within the gap between the two septa. A similar patterning mechanism was observed with respect to stolon branching in Hydrozoa: Transient pressing of the stolon with a needle favors the formation of a lateral stolon bud. However, when the distance between two sites of pressing is less than a certain threshold distance, the branch does not originate at the site of pressing but rather in the middle between the two sites (Plickert 1980) . Meinhardt (1982) explained this by assuming that the patterning process is controlled by two substances, an activator that stimulates its own production (self-enhancement) and an inhibitor that antagonizes activator production (lateral inhibition). The mechanism of rhopalia (and finally arm) formation thus appears well described by a mechanism of self-enhancement and lateral inhibition taking place in a belt of tissue in which the onset of self-enhancement is possible everywhere but is favored above a septum. With respect to the very first ephyra, which forms out of the polyp's "head," rhopalia formation appears to obey the same rules of distance control. However, there is one additional restriction: A rhopalium exclusively forms at the position of a tentacle.
The Apical-Basal Organization of Medusae and Polyps
In medusae of all cnidarian orders, an exumbrella and a subumbrella are distinguished. At sites where the respective ectodermal tissues meet, a double layer of ectoderm can form separated by a mesoglea, such as the lobes in ephyrae of Aurelia and the velum in hydromedusa. In medusae of Hydrozoa, the subumbrella ectoderm is argued to be a germ layer with properties of the mesoderm of bilaterians (Seipel and Schmid 2005) . Only this tissue contains cells with cross-striated muscle fibers, as does the mesoderm of bilaterians. In ephyrae of Aurelia, too, such cells are found exclusively in the ectoderm of the subumbrella (Chuin 1930; Matsuno 1983; Chapman 1999) . We suggest that the ectoderm of ephyrae is subdivided into-at least-two compartments. Right and left of a rhopalium forms a double lamella of ectoderm, of which the upper side is made by the exumbrella ectoderm and the lower side by subumbrella ectoderm. Rhopalia form at the border between the two compartments. Their formation may involve a "co-operation of compartments," as observed The technical basis of this simulation has been developed by Meinhardt (1995) .
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for instance in limb formation in vertebrates (Meinhardt 1982) . The question is whether ectodermal compartments already exist in polyps, that is, before the medusa stage (Figure 3) . The best indicator of such prior existence would be a double lamella of ectoderm at the site of contact. As far as we know, this has not been found. A weak argument is that the ectoderm in the oral disc differs from that of the body column (and that of the basal disc). For instance, the musculature differs (Chapman 1974 (Chapman , 1999 Hentschel and Hündgen 1980; Pollmanns and Hündgen 1981; Matsuno 1983) . Further, the subumbrella of the first ephyra formed in strobilation ranges exactly from the polyp's mouth to the polyp's ring of tentacles. Moreover, the oral disc formed from the tissue that remains in the polyp stage at the end of strobilation displays several features of a subumbrella of an ephyra, including mouth formation (Thiel 1938 ) and patterning of the tentacles (Thiel 1963 ). In addition, in polyps of Scyphozoa a peristomal pit forms where the two endodermal compartments meet. In Stauromedusae, a subgroup of Scyphozoa, ectodermal cells initially immigrate from the oral disc into the mesoglea between ectoderm and endoderm of the body column. This occurs exclusively at the site of septum formation. In a second step, the two endodermal layers of the respective septum surround the immigrants completely (Wietrzykowsky 1912) . In several other species, including Aurelia, the ectodermal cells of the oral disc split the endodermal layer of a septum to form the peristomal pit and the muscle strands (Friedemann 1902) . Because the ectoderm subdivides into compartments, a pit may form. The adhesion between ectodermal cells of the oral disc compartment to both Endo A and Endo B cells is stronger than the adhesion between Endo A and B cells. This may force single cells or the sheet of cells of the oral disc ectoderm to invaginate, almost reaching the basal plate (see Figure 3) . The cells of the body ectoderm compartment appear not to have this adhesion property.
In summary, we propose that both the ectoderm and the endoderm are subdivided into compartments. The borders of the ectodermal and endodermal compartments are perpendicular to each other. The patterning of polyps and medusae including the positioning of tentacles and rhopalia and the size regulation of septa (see Appedix) is largely the result of an interaction between compartments.
Patterning of polyps and medusae of other Cnidaria
In general, Scyphozoa polyps produce four septa. Anthozoa produce many more; they produce septa in couples or pairs, indicating the existence of endodermal compartments (Berking, 2007) . Many polyps of Hydrozoa and Cubozoa display a tetraradial symmetry at least in an early state of development (see Müller 1964 ) but they do not produce septa. It is thus unclear whether endodermal compartments exist in hydrozoan polyps. The finding of scyphozoan polyps without septa indicates that a subdivision of the endoderm into compartments is not necessary to produce a complete polyp including an oral disc with a mouth opening surrounded by a ring of tentacles. Of course, these polyps have no peristomal pits. They, therewith, look similar to those of Hydrozoa and Cubozoa which do not produce septa.
Hydrozoa medusae generally produce four radial canals. Rarely, medusae form with three or five even-spaced radial canals, respectively (for review, see Kühn 1914 ; confirmed by us with respect to Thecocodium quadratum, not shown). The even spacing indicates that the uneven number of radial canals does not result from secondary events like regression or branching of an existing channel. It is thus unclear whether endodermal compartments exist in hydrozoan medusae, but if they do they do not control the formation of the radial canals. The mechanism that controls the number of canals in Hydrozoa medusae -usually four -as well as the number of arms in ephyrae -usually eight -appears to be completely different from the one that controls the number of septa in Scyphozoa polyps, which is also usually four. Medusae of Cubozoa display a tetraradial symmetry (Werner 1975) . Deviations from that symmetry are not known to us.
Materials and Methods
Polyps of Aurelia aurita (collected from the North Sea at Luc sur Mer, Normandy, France) were mass cultured in artificial seawater (1000 mosmol, pH 8.2, 20 o C). If not otherwise stated, throughout an experiment the polyps were kept separately in dishes with 1.0 mL of seawater at 20 o C. The polyps were not fed during the experiments except for the experiment leading to Table 2 . In this experiment the animals were fed three times a week and kept in groups at a density of about 1 polyp per mL. Strobilation was induced in a mass culture by subjecting the animals to 12 o C for three weeks (Kroiher et al. 2000) .
With respect to polyps of Hydrozoa, it is assumed that pattern formation is controlled by a reaction-diffusion system that cause the formation of the various structures via a tissue property termed positional value or source. The positional values form a gradient from the oral end (maximal value / highest density of sources) to the basal end (Wolpert 1969; Gierer and Meinhardt 1972; Meinhardt 1993; Sherratt et al. 1995; Berking 2003 Berking , 2006 . Recently, with respect to Hydra indications for a differential role of ectoderm and endoderm in the control of pattern formation have been found (Zeretzke and Berking 2002) , but until now models have not been adjusted to account for these results. The various models may allow us to understand the subdivision of the ectoderm into compartments but are inappropriate to explain the formation of endodermal compartments.
The development of pairs of endodermal compartments may be controlled by a mechanism which was termed «lateral activation» (Meinhardt and Gierer1980; Meinhardt 1982) . We slightly altered the original equations to get the desired properties. The activators g a and g b are the (autocatalytic) substances required for selfstabilization. The local mutual exclusion of the two states Endo A and Endo B is brought about by a common repressor (see Equation  3 ). The diffusible substances s a and s b provide far-reaching help from one feedback system to the other. We propose that the gradient of positional values (denoted by d in Equations 4 and 5) influences production of the substances s a and s b . When the number of cells within the circumference of a larva is small, all cells express g a and g b (not shown). When the range of the diffusible compounds becomes smaller than the size of the field of cells, the uniform state becomes unstable and some produce only g a while the others produce only g b and so on (Figure 4) .
Computer simulation in two dimensions results in the apparent formation of equally sized stripes if the gradient of positional values (d) influences the production of the substances s a and s b (see Equations 4 and 5, Figure 5 ). Stripes form parallel to the orientation of the gradient. The simulation was started by a random fluctuation of the g a concentration in the field of cells. The parameter d was introduced in equations 4 and 5 in such a way that stripes start to form where the positional value is high. Without a gradient of positional values stripes form in a random orientation. These stripes are often short and branched ( Figure 5) . Shoji et al. (2003) found by computational analysis that a diffusion anisotropy is effective at specifying the direction of stripes formed by a reactiondiffusion system. With respect to Cnidaria we argue the graded distribution of a quantitative cell parameter -the positional valueto be a primary element of the pattern forming system. We thus propose this parameter and not a diffusion anisotropy to control stripe formation in Aurelia. The shape of a septum may depend on influences of the ectoderm: The contact between Endo A and Endo B cells is a necessary condition for septum formation, but the absence of septal tissue in Aurelia polyps at both the oral body end and the aboral end indicates that this condition is not sufficient. We suspect that ectodermal cells generate a diffusible substance where the body ectoderm compartment and the oral disc ectoderm compartment meet. Such an interaction has been termed "co-operation of compartments" (Meinhardt 1982) . When endodermal cells need this substance for proliferation and survival the septa grow in form of triangles with maximal height at the position where the body ectoderm compartment and the oral disc ectoderm compartment meet, as observed. Further, the size of the gastric pouch is maximal at that very site, as observed (see Figure  3) . The interaction of the compartments shapes the gastric pouch into a rhombus and therefore the scyphopolyp (from the Greek word scyph, a cup) develops a cup shape. In Aurelia strong proliferation of endodermal cells in the septal periphery was observed at the site where the ectodermal and the endodermal compartments meet (Friedemann, 1902) .
Taken together, it appears that the mutual exclusion of the two cell states combined with a mutual dependence of the same states is basic for germ layer formation. On the one hand, a cell is either ectoderm or endoderm; these two states mutually exclude each other. On the other hand, ectoderm and endoderm depend on each other in formation and survival functions. The cells of the two germ layers develop different adhesion properties, which causes them to separate. The altered adhesion properties may at least facilitate gastrulation movements.
